INTRODUCTION
The application of the positron annihilation technique to studies of lattice defects in solids has contributed a substantial amount of valuable information.
Previous studies using the positron annihilation technique have demonstrated that positrons can be utilized as a nondestructive and sensitive probe for vacancy-type defects in metals and semiconductors [I] . This technique gives direct information about sizes of open spaces and their concentrations in amorphous polymers [2] . A positron implanted into the specimen eventually annihilates with an electron producing annihilation y-rays. The lifetime of positrons in materials reflects the density of electrons in region where the positron annihilates. Since a positron is positively charged, it is repelled from ion cores by Coulomb interaction. Thus, if a specimen contains vacancy-type defects, there is a finite probability of positrons being trapped in these regions. Due to reduced electron density in vacancy-type defects, the lifetime of trapped positrons increases. For metals and semiconductors, the relationship between the lifetime of positrons and the species of defects has been established. By using this technique, the concentration of defects for a detectable response is about 0.1 ppm, and there are no restrictions regarding specimen conductivity nor specimen temperature.
It is well known that positronium (Ps) atoms may form in molecular solids [2] . Ps exhibits two spin states which are called "ortho" (0-) and "para" (p-) for the triplet state and the singlet state, respectively [3] . The intrinsic lifetime of p-Ps is calculated as -0.125 ns and that of o-Ps is -140 ns. In very dilute gases or in powders, one may observe lifetimes of o-Ps very close to those given above. In condensed materials, however, the lifetime of o-Ps is only 1-3 ns because the positron involved in o-Ps can annihilate with one of the surrounding electrons rather than its own partner. This process is called "pick-off' annihilation [4] . Ps can not form in materials with high electron densities such as metals or semiconductors. Unlike metals or semiconductors, amorphous polymers always contain a large fraction of imperfect regions. Many of these regions serve as free-volumes for the formation of Ps. Because of the relatively small size of Ps (-0.106 nm), the positron annihilation technique is particularly sensitive to small holes and free volumes of sub-nm in size. Despite many studies which have been carried out, the Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jp4:1995123 annihilation characteristics of positrons in amorphous polymers are not yet so clear. This may be due to complicated annihilation modes of positrons in amorphous polymers, and resultant difficulties in the data analysis. Because of the difficulty of the deconvolution of lifetime spectra, previous studies have mainly discussed the behavior of o-Ps in amorphous polymers. Information about other annihilation modes, however, is also important for a full understanding of the annihilation characteristics of positrons in amorphous polymers. In the present paper, therefore, we report high precision measurements of lifetime spectra of positrons for polystyrene specimens with different molecular weights in order to obtain detailed information not only about the annihilation of Ps but also that of positrons.
EXPERIMENT
The polystyrene specimens used in the present experiment were reagent grade. The average molecular weights, Mn, of the specimens were Mn=5,730 (Mw/Mn=1.02) and Mn=1,520,000 (Mw/Mn=1.26), respectively. The specimen with Mn=5,730 was casted from a melt at 150 OC under a nitrogen atmosphere, and it was slowly cooled to room temperature. The specimen with Mn=1,520,000 was casted by using 10 wt% chloroform solvent, and annealed at 150 OC for 48 hours under vacuum. In order to know the effects of chloroform on the formation of Ps, lifetime spectra for polystyrene specimens with different chloroform concentrations were measured. From these measurements it was found that chlorofom decreased the intensity corresponding to pick-off annihilation of o-Ps, while no drastic change in the lifetime of o-Ps was observed. For the specimen with Mn=1,520,000, the concentration of residual chloroform is considered to be very low because of the severe thermal treatment. However, the effect of the residual chloroform was not confirmed in this specimen.
The lifetime spectra of positrons were measured while lowering the specimen temperature at a rate of -0.5 "C/h in a vacuum of 10" Pa. The temperature of the specimen was automatically stabilized by a temperature controller. A two-parameter multichannel analyzer was designed in order to measure both lifetime spectra of positrons and the specimen temperature. By using this system, the lifetime spectra and the specimen temperature were automatically stored into 1024 channels (lifetime spectra) x 64 channels (temperature). The lifetime spectra were measured by a fast-fast system with BaF2 scintillators attached to XP2020Q photomultiplier tubes. A 2 2~a source with an activity of about 7x105 Bq deposited on a Kapton foil with a thickness of 7.5 pm, was sandwiched between two specimens. The full width at half-maximum (FWHM) of the time resolution of the system was -220 ps. At each temperature, the observed lifetime spectrum contained about 1x106 counts.
The lifetime spectrum of positrons, I(t), is expressed by, where Ti and Ii are the lifetime of the i-th component and its intensity, respectively. The lifetime of positrons annihilated in the Kapton films, zsOuro, was estimated from measurements of the lifetime spectrum for a well-annealed Ni specimen. This lifetime spectrum was decomposed into two components by a computer code "RESOLUTION" [5] , and the obtained value of zsome was 393 ps and its intensity, Is,,ce, was 16.0%, where the lifetime of positrons in the Ni specimen was 110 ps. The derived value of zs0, , was in good agreement with the value reported in previous experiments [6] . For the polystyrene specimens, the lifetime spectra of positrons were successfully decomposed into three components by using the value of I, , , , and that of z, , , , obtained for the Ni specimen. Figure 1 shows the mean lifetime, z , , for the polystyrene specimens with different molecular weights as a function of temperature, where z, was calculated by the relation; zm=E~iZi. In Fig. 1 , the glass transition temperature, Tg, was clearly seen for both specimens, where the values of T g for the specimens with Mn=5,730 and 1,520,000 were 75 O C and 89 OC, respectively. This suggests that the value of T g increases with increasing molecular weight.
RESULTS AND DISCUSSION
Kasbekar ef al. [7] have reported measurements of lifetime spectra of positrons for polystyrene specimens with different molecular weights. They reported that the values of T g for specimens with Mn=96,000 and 130,000 were 82 O C and 86 OC, respectively. Figure 2 shows the results reported by them and those obtained in the present experiment. The decrease in the value of Tg observed for the specimen with low molecular weight can be attributed an increased segmental mobility of molecules associated with the small molecular weight in the polystyrene specimens. Figures 3 and 4 show the lifetimes and the intensities for the specimen with Mn=5,730. The observed temperature dependencies of the lifetimes and the intensities were in good agreement with those reported by Kluin and Faupel [8] . In Fig. 3 , the value of the longest lifetime, z3, was found to be shorter than the intrinsic lifetime of o-Ps (-140 ns). However, this value is longer than the typical lifetime of positrons in crystalline solids. Thus, this annihilation mode can be associated with pick-off annihilation of o-Ps trapped by the free volumes. In Fig. 3 , the value of 23 was found to increase with increasing specimen temperature, where the temperature coefficient of .r3 below Tg was smaller than that
In Fig. 4 , the value of I3 monotonicaly increased with increasing speclmen temperature. At ; : : % a s t i c change in the value of 13 was observed. This means that the concentration of the free volumes was not changed by the glass transition. Thus, it can be concluded that the glass transition in the polystyrene specimen mainly affects the expansion rate of the free volumes. Figures 5 and 6 show the lifetimes and the intensities for the specimen with Mn=1,520,000. The temperature dependences of the lifetimes and the intensities were found to be similar to those for the specimen with Mn=5,730. Figure 7 shows the temperature dependence of 23 for the specimens with Mn=5,730 and 1,520,000. From Fig. 7 , it was found that each expansion rate of the free volumes below and above Tg was almost the same for both specimens. The temperature coefficients of 23 were derived the present work 11 The values of Tg reported by Kasbekar et al. [7] are also shown.
Temperature ( "C )
Temperature ( "C ) from the observed 23-T relationships. The ratio of the temperature coefficient above Tg to that below T g was calculated as 4 for both specimens. This means that the expansion rate of the free volumes above T g was about 4 times higher than that below Tg.
In Figs. 3 and 22 in the measured temperature range were calculated and they are summarized in Table I . In Table  I , the value of 71 was longer than the intrinsic lifetime of p-Ps (0.125 ns). Since the ratio of the formation probability of o-Ps to that of p-Ps is 3, the intensity corresponding to the annihilation of p-Ps can be estimated as 1313. As shown in Figs. 4 and 6 , however, the derived values of 11 were larger than 1313. These facts mean that the first component is the superposition of the annihilation of p-Ps and that of positrons. Thus, the lifetime of positrons convoluted in the first component was estimated by using the intensity and the intrinsic lifetime of p-Ps and the observed value of 21. 
CONCLUSIONS
We have studied the annihilation characteristics of positrons in two polystyrene specimens with different molecular weights. In addition to the formation of Ps, two different annihilation modes of positrons were observed in the polystyrene specimens. For the specimen with low molecular weight, a decrease in the value of T was observed. This was attributed to the increased segmental mobility of molecules associated with %e small molecular weight in the polystyrene specimens. The expansion rate of the free volumes above Tg was about 4 times higher than that below T . These expansion rates were almost the same for both specimens. At Tg, no drastic change in the vafue of 13 was observed. These facts suggest that the glass transition of the polystyrene specimens mainly affects the thermal expansion of the free volumes.
